The tumor suppressor p53 is a transcription factor that regulates cell cycle, DNA repair, senescence, and apoptosis in response to DNA damage. Phosphorylation of p53 at Ser46 is indispensable for the commitment to apoptotic cell death. A previous study has shown that, upon exposure to genotoxic stress, DYRK2 translocates into the nucleus and phosphorylates p53 at Ser46, thereby inducing apoptosis. However, less is known about mechanisms responsible for intracellular control of DYRK2. Here we show the functional nuclear localization signal at amino-terminal domain of DYRK2. Under normal conditions, nuclear and not cytoplasmic DYRK2 is ubiquitinated by MDM2, resulting in its constitutive degradation. In the presence of proteasome inhibitors, we detected a stable complex of DYRK2 with MDM2 at the nucleus. Upon exposure to genotoxic stress, ATM phosphorylates DYRK2 at Thr33 and Ser369, which enables DYRK2 to escape from degradation by dissociation from MDM2 and to induce the kinase activity toward p53 at Ser46 in the nucleus. These findings indicate that ATM controls stability and pro-apoptotic function of DYRK2 in response to DNA damage.
The tumor suppressor p53 is a transcription factor that regulates cell cycle, DNA repair, senescence, and apoptosis in response to DNA damage. Phosphorylation of p53 at Ser46 is indispensable for the commitment to apoptotic cell death. A previous study has shown that, upon exposure to genotoxic stress, DYRK2 translocates into the nucleus and phosphorylates p53 at Ser46, thereby inducing apoptosis. However, less is known about mechanisms responsible for intracellular control of DYRK2. Here we show the functional nuclear localization signal at amino-terminal domain of DYRK2. Under normal conditions, nuclear and not cytoplasmic DYRK2 is ubiquitinated by MDM2, resulting in its constitutive degradation. In the presence of proteasome inhibitors, we detected a stable complex of DYRK2 with MDM2 at the nucleus. Upon exposure to genotoxic stress, ATM phosphorylates DYRK2 at Thr33 and Ser369, which enables DYRK2 to escape from degradation by dissociation from MDM2 and to induce the kinase activity toward p53 at Ser46 in the nucleus. These findings indicate that ATM controls stability and pro-apoptotic function of DYRK2 in response to DNA damage.
Dual-specificity tyrosine-regulated kinases (DYRKs) are a novel subfamily of protein kinases that catalyze their autophosphorylation on tyrosine residues and the phosphorylation of serine/threonine residues on exogenous substrates (1) (2) (3) . DYRK2 shares a conserved kinase domain and adjacent N-terminal DH box but does not contain a C-terminal PEST (the proline-, glutamic acid-, serine-and threonine-rich) domain. DYRK2 is presumed to be involved in regulating key developmental and cellular processes such as neurogenesis, cell proliferation, cytokinesis and cellular differentiation. Recent findings have shown that DYRK1A and DYRK2 phosphorylate NFATc, which regulates calcium signaling, to lead NFATc inactivation by its cytoplasmic sequestration (4, 5) .
Upon exposure to genotoxic stress, p53 is stabilized and activated by phosphorylation at Ser15 and Ser20 to regulate a cell cycle checkpoint and DNA repair. In case of the lesion for irreparable DNA damage, p53 induces apoptotic cell death by a mechanism in which an additional phosphorylation increases the binding affinity of p53 to promoters of pro-apoptotic genes, such as p53AIP1. In this context, previous studies have established the mechanism in which p53 transactivates p53AIP1 by its additional phosphorylation at Ser46, thereby this phosphorylation is essential for p53-dependent apoptosis (6, 7) . We recently demonstrated that DYRK2 is a novel Ser46 kinase (8) (9) (10) . Ataxia telangiectasia mutated (ATM) was involved in DYRK2 activation and Ser46 phosphorylation.
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Furthermore, DYRK2 accumulated in the nucleus after DNA damage. Significantly, DYRK2 phosphorylation of Ser46 was associated with the induction of apoptosis. These findings provide a novel signaling mechanism in which phosphorylation of p53 at Ser46 by DYRK2 regulates apoptotic cell death in response to DNA damage. Although certain insights are thus available regarding the signals that activate p53-mediated apoptosis, less is known about the mechanisms responsible for the intracellular regulation of DYRK2 in response to genotoxic stress.
The present findings provide a model in which ATM phosphorylates and activates DYRK2 to induce apoptotic cell death. ATM phosphorylates DYRK2 at Thr33 and Ser369. Intriguingly, nuclear DYRK2 is constitutively degraded by MDM2-mediated ubiquitination, and phosphorylated DYRK2 is dissociated from MDM2, resulting in the nuclear accumulation of DYRK2 in response to DNA damage. These findings collectively support an essential role for ATM in the intracellular control of DYRK2.
Materials and Methods
Cell culture and induction of DNA damage U2OS cells, which express p53 wild type, were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 units/ml penicillin, 100 µg/ml streptomycin, and 2 mM L-glutamine. 293T, HCT116, and GM 5849 (11) cells were grown in Dulbecco's modified Eagle's medium containing 10% FBS and supplements. Cells were treated with 2 µg/ml adriamycin (Sigma-Aldrich), 10 µM etoposide (Sigma-Aldrich), MG-132 (carbobenzoxy-L-leucyl-L-leucyl-L-leucinal; Nacalai Tesque), or cycloheximide (Merck). Plasmids DYRK2 cDNA was amplified by PCR using Expand high-fidelity plus PCR system (Roche) from HL-60 cDNA library and cloned into the pcDNA3-FLAG vector and pEGFP-C1 vector as previously described (8) . Site-directed mutagenesis was performed by PCR (12) (13) (14) and verified by DNA sequencing.
Cell transfections
Plasmid DNA was transfected by using FuGENE6 (Roche) or by calcium phosphate co-precipitation (15) (16) (17) (Perkin-Elmer). For immunoprecipitation, lysates were incubated with anti-Flag agarose (Sigma-Aldrich) for 2 h at 4°C and then the beads were washed three times with lysis buffer and boiled for 5 min. Co-precipitates were eluted with Flag peptide (Sigma-Aldrich) as needed. Immunofluorescence analyses were performed as described elsewhere (20, 21) .
Results

N-terminal region of DYRK2 contains potential nuclear localization signals
A recent study has shown that DYRK2 is targeted to the nucleus after genotoxic stress exposure (8); however, a molecular mechanism of nuclear translocation remains unclear. In this regard, the finding that nuclear accumulation of DYRK2 is independent of its kinase activity indicates the possibility that there are some potential nuclear localization signals (NLSs) in DYRK2. Indeed, there are several potential NLS sequences, which are conformed from the clusters of basic amino acids, in both amino-terminal (N-terminal) and carboxyl-terminal (C-terminal) regions (Fig. 1A) . To determine if the N-terminal and/or C-terminal domains containing these amino acid sequences are required for nuclear translocation of DYRK2, we constructed N-terminal or C-terminal deletion mutants of DYRK2 (DYRK2∆N or DYRK2∆C, respectively) (Fig. 1A) . U2OS cells were transfected with GFP-DYRK2 or deletion mutants, then treated with DNA-damaging agent etoposide for 24 h. Immunostaining with anti-GFP revealed that, as reported previously, DYRK2 is predominantly expressed in the cytoplasm in control cells and moves into the nucleus following genotoxic stress (Fig. 1B and C) . Comparable translocation was observed in cells transfected with DYRK2∆C ( Fig. 1B and C) . In contrast, DYRK2∆N was dominantly retained in the cytoplasm even after etoposide stimulation (Fig. 1B  and C) , suggesting that N-terminal region of DYRK2 is required for its nuclear targeting in response to DNA damage. To confirm the impairment of DYRK2∆N on nuclear accumulation after genotoxic stress, we performed subcellular fractionation assays. The results demonstrated that full-length DYRK2 moved into the nucleus after another DNA-damaging agent adriamycin (ADR) exposure (Fig. 1D) . In contrast, DYRK2∆N remained in the cytoplasm even in damaged cells (Fig. 1D) , indicating that the N-terminal region including potential NLS sequence is essential for 4 nuclear accumulation of DYRK2. To further determine if the putative NLS motif at the N-terminus is required for nuclear localization of DYRK2, mutations were introduced into the core NLS motif (GFP-DYRK2(KKR→NNN), Fig. 1A ). Immunofluorescence analysis revealed that GFP-DYRK2(KKR→NNN) was dominantly expressed in the cytoplasm and that there was no significant nuclear translocation after etoposide stimulation (Fig. 1B and C) . Similar results were obtained from subcellular fractionation assays (Fig.  1D ). These findings suggest that this NLS motif is functional for the nuclear targeting of DYRK2 in response to DNA damage.
ATM regulates nuclear targeting of DYRK2 in response to DNA damage
A recent study has also demonstrated that ATM activates nuclear DYRK2 following genotoxic stress. In this context, it is plausible that ATM is involved in nuclear targeting of DYRK2. To address this hypothesis, GFP-DYRK2 was co-transfected together with scramble siRNA or ATM siRNA in U2OS cells that were left untreated or treated with etoposide. Analysis of immunofluorescent staining demonstrated that ATM was required for nuclear accumulation of DYRK2 after DNA damage ( Fig. 2A and B) . Similar results were obtained in 293T cells (data not shown). To confirm these results, we performed similar experiments using A-T cells, which are GM 5849/pEBS7 (A-T fibroblast with empty vector only) and GM 5849/pEBS7-YZ5 (A-T fibroblast complemented with ATM cDNA) (11) . As shown for ATM-depleted U2OS cells, DYRK2 retained in the cytoplasm after etoposide stimulation in GM 5849/pEBS7 cells (Fig. 2C) . By contrast, in GM 5849/pEBS7-YZ5 cells, DYRK2 accumulated in the nucleus upon exposure to etoposide, clearly indicating that ATM is required for nuclear localization of DYRK2 in response to DNA damage. Taken together with previous findings, these data indicate that ATM controls nuclear localization and activation of DYRK2 in response to DNA damage.
ATM phosphorylates DYRK2
The findings demonstrating ATM-dependent regulation of DYRK2 led us to determine if ATM phosphorylates DYRK2. ATM belongs to the PI3-kinase superfamily and preferably phosphorylates Ser/Thr adjacent to Gln (SQ or TQ). Upon exposure to DNA double strand breaks, ATM is rapidly activated to phosphorylate numerous substrates including p53 at Ser15 (26). To assess the kinetics of ATM activation in response to DNA damage, anti-ATM immunoprecipitates were subjected to in vitro kinase assays with GST-p53 as a substrate. As expected, ATM was activated after early periods of DNA damage (Fig. 3A) . Intriguingly, activity of ATM was sustained at least 24 h post ADR stimulation, indicating the continuous activation of ATM in response to DNA damage. Given that ATM is a nuclear kinase, ATM phosphorylation of DYRK2 could be detected with delayed kinetics following DNA damage, since nuclear targeting and activation of DYRK2 occur at later period after genotoxic stress (8) . To examine whether ATM phosphorylates DYRK2 in vitro, we performed in vitro kinase assays using His-DYRK2 as a substrate. Immunoblot analysis with anti-phospho(Ser/Thr) ATM/ATR substrate (anti-phospho-(SQ/TQ)) revealed that there was no significant phosphorylation of DYRK2 by ATM in unstressed cells (Fig. 3B) . By contrast, activation of ATM by treatment with ADR for 24 h was associated with modest phosphorylation of DYRK2 (Fig. 3B) , indicating the possibility that ATM phosphorylates DYRK2 in cells upon exposure to genotoxic stress. To establish whether ATM is involved in DYRK2 phosphorylation, we performed similar experiments using transfected by guest on November 7, 2017 http://www.jbc.org/ Downloaded from A-T cells. Immunoblot analysis with anti-SQ/TQ revealed that DYRK2 was phosphorylated in GM 5849/pEBS7-YZ5, but not GM 5849/pEBS7 cells, after treatment with ADR ( Fig. 3C ). This finding confirms ATM phosphorylation of DYRK2 in response to DNA damage. In this context, there are two SQ/TQ in DYRK2 as potential phosphorylation sites by ATM (Fig. 3D ). To determine phosphorylation sites, two potential amino acid residues were individually mutated to Ala (Fig. 3D) . We also constructed the mutant that both residues are replaced with Ala (Fig. 3D) 3E ). Moreover, phosphorylation of the T33A, S369A, or T33A/S369A double mutant was substantially impaired following genotoxic stress (Fig. 3E ). These findings clearly indicate that ATM phosphorylates DYRK2 at Thr33 and Ser369 after exposure to DNA damage. To examine whether ATM phosphorylation of DYRK2 affects its kinase activity, we monitored phosphorylation levels of p53 at Ser46, which is the only clarified DYRK2 substrate in cells (8) . As expected from earlier work (8), Ser46 was heavily phosphorylated in DYRK2 wt-expressed cells after ADR stimulation (Fig. 3E) . Slightly less significant, but substantial phosphorylation of Ser46 was observed in cells transfected with the DYRK2 T33A mutant. By sharp contrast, Ser46 phosphorylation was attenuated in cells ectopically expressed with the DYRK2 S369A or the DYRK2 T33A/S369A mutant (Fig. 3E ). These findings thus clearly demonstrate that the DYRK2 T33A mutant does not have much effect whereas the DYRK2 S369A mutant substantially reduces the levels of phosphorylated Ser46 of p53 either as a single or double mutant. Of note, it is conceivable that residual Ser46 phosphorylation in the presence of mutant form of DYRK2 could be due to activation of endogenous DYRK2 in cells. To explore this possibility, 293T cells were transduced with the GFP-DYRK2 T33A/S369A mutant, which is resistant to the silencing by the DYRK2 siRNA (designated GFP-rDYRK2 T33A/S369A). Cells were then transfected with scramble siRNA or DYRK2 siRNA followed by treatment with ADR. Upon exposure to ADR, ectopic expression of the GFP-rDYRK2 T33A/S369A mutant was associated with substantial induction of p53 phosphorylation at Ser46 (Fig. 3F ). In contrast, the silencing of endogenous DYRK2 markedly attenuated Ser46 phosphorylation, suggesting that the GFP-rDYRK2 T33A/S369A mutant has little if any activity on Ser46 phosphorylation after DNA damage in cells. Taken together, these results demonstrate that ATM-mediated phosphorylation of Ser369 is crucial for DYRK2 activation in response to DNA damage.
ATM phosphorylation of DYRK2 contributes to the execution of p53-dependent cell death
To define the functional significance of DYRK2 phosphorylation by ATM, we focused on DYRK2-mediated apoptosis induction. Given the previous findings that DYRK2 induces p53-dependent apoptosis by phosphorylating p53 at Ser46 (8), U2OS cells, which express wild type p53, were transfected with wild type or various mutants of GFP-DYRK2 plasmids. Following etoposide stimulation, apoptotic cells were monitored by TUNEL assays. As a control, GFP-DYRK2 wt was co-transfected together with scramble siRNA or ATM siRNA. In concert with the level of Ser46 phosphorylation by DYRK2, introduction of DYRK2 wt enhanced DNA damage-induced apoptosis (Fig. 4A ). Less significant, but 6 substantial induction of apoptosis was also observed in cells ectopically expressed with the DYRK2 T33A mutant (Fig. 4A ). In contrast, expression with the DYRK2 S369A mutant or the DYRK2 T33A/S369A mutant was associated with much less apoptosis induction compared to that with DYRK2 wt (Fig. 4A) T33A/S369A mutant compared to that with DYRK2 wt (Fig. 4C) . By sharp contrast, there was no remarkable difference on apoptosis induction between DYRK2 wt and the DYRK2 T33A/S369A mutant in A-T cells (Fig. 4C) . These findings provide a model in which, upon exposure to genotoxic stress, ATM activates DYRK2 by phosphorylation, resulting in the exertion of p53 phosphorylation at Ser46. This process renders cells more sensitive to p53-mediated apoptosis in a Ser46 phosphorylation-dependent manner.
ATM phosphorylation of DYRK2 blocks its ubiquitination-dependent degradation by MDM2 in the nucleus after DNA damage Previous studies demonstrated that knock down of ATM attenuates DYRK2 expression at a post-translational mechanism (8) . Moreover, expression of DYRK2 was increased in response to DNA damage. In this regard, it is conceivable that, upon exposure to genotoxic agents, ATM-dependent phosphorylation of DYRK2 protects its degradation, such as the ubiquitination and proteasomal system. To examine this possibility, 293T cells transfected with Flag-DYRK2 wt were left untreated or treated with a proteasome inhibitor MG-132. Immunoblot analysis of whole cell lysates with anti-Flag revealed that MG-132 treatment elevated DYRK2 expression (Fig. 5A) . Intriguingly, up-regulation of DYRK2 was observed in the nucleus, but not in the cytoplasm (Fig. 5A) . To further obtain convincing evidence in the physiological condition, we assessed the expression status of endogenous DYRK2 with or without MG-132. Subcellular fractionation assays revealed that endogenous DYRK2 was stabilized in the nucleus, but not in the cytoplasm (Fig. 5B) . As a result, analysis of whole cell lysates indicated that total DYRK2 expression was increased in the presence of MG-132 (Fig. 5B) . To confirm these findings, we 7 performed the immunostaining experiments. U2OS cells were left untreated or treated with MG-132. DYRK2 was exclusively expressed in the cytoplasm (Fig. 5C ). In contrast, inhibition of proteasomal degradation was associated with substantial nuclear accumulation of DYRK2 (Fig.  5C ). Nevertheless, it is still conceivable that DYRK2 expression is regulated by its half-life stability and independent of proteasome-mediated degradation. To exclude this possibility, we examined the half-life of endogenous DYRK2 in the nucleus as well as in the cytoplasm. 293T cells were treated with an inhibitor of protein synthesis, cycloheximide. Subcellular fractionation assays demonstrated that cytoplasmic DYRK2 was constitutively stable at least 6 h after cycloheximide treatment (Fig. 5D) . Intriguingly, nuclear DYRK2 was slightly decreased, however, substantially expressed even after inhibition of protein synthesis (Fig. 5D) . Taken together, these data demonstrate that nuclear DYRK2 is constitutively degraded by the proteasome-dependent pathway. A recent study showed that E3 ubiquitin ligase MDM2 controls p53-signaling pathway including HIPK2 (27). To determine if degradation of DYRK2 is regulated by MDM2 and DNA damage abrogates MDM2-mediated proteolysis, Flag-DYRK2 was ectopically expressed in 293T cells in the presence of MG-132. Analysis of anti-Flag-immunoprecipitates with anti-ubiquitin demonstrated that DYRK2 is poly-ubiquitinated and this modification is completely abolished after ADR (Fig. 6A) . Furthermore, the findings that DYRK2 interacted with MDM2 in unstressed cells and that the binding was abrogated following ADR treatment provide the possibility that an E3 ubiquitin ligase for DYRK2 is MDM2 (Fig. 6A) . To address this possibility in vitro, purified DYRK2 was incubated with ubiquitin, E1, E2, and MDM2. Analysis with anti-ubiquitin demonstrated that DYRK2 is ubiquitinated by MDM2 in vitro (Fig. 6B) . To confirm this in cells, 293T cells expressed with Flag-DYRK2 were transfected with scramble siRNA or MDM2 siRNA followed by treatment with MG-132. Analysis of anti-Flag-immunoprecipitates with anti-ubiquitin from nuclear lysates demonstrated that the poly-ubiquitination of DYRK2 was impaired in cells depleted with MDM2 (Fig. 6C) . To prove whether degradation of nuclear DYRK2 is the MDM2-dependence, 293T cells transfected with GFP-DYRK2 were left untreated or treated with MG-132. DYRK2 was exclusively stained in the cytoplasm (Fig. 6D) . However, inhibition of proteasome enabled DYRK2 to be also expressed in the nucleus (Fig. 6D) . Importantly, depletion of MDM2 conferred nuclear localization of DYRK2 even in the absence of the proteasome inhibitor (Fig. 6D) . To further assess the effect of MDM2 depletion on endogenous DYRK2 expression, 293T cells were transfected with scramble siRNA or MDM2 siRNA followed by treatment with MG-132. As expected, expression of endogenous DYRK2 increased after MG-132 treatment (Fig.  6E) . Significantly, silencing of MDM2 allowed endogenous DYRK2 to be stabilized even in the absence of proteasome inhibitors, again suggesting that DYRK2 expression is controlled by MDM2 (Fig. 6E) . Similarly, the finding that MDM2 depletion increased expression of exogenous DYRK2 in the absence of proteasome inhibitors confirms the involvement of MDM2 in DYRK2 expression (Fig. 6F) . In addition, we have examined the role for MDM2 in DYRK2 expression before and after genotoxic stress. As shown for ADR, treatment of cells with etoposide, another DNA-damaging agent, also induced expression of DYRK2 (Fig. 6G, left two lanes) . Importantly, knocking down MDM2 retrieved DYRK2 expression to a significant level even in unstressed condition (Fig. 6G, lane 1 vs lane 3) . These data support a model in which constitutive 8 degradation of DYRK2 is, at least in part, a MDM2-dependent manner and in which DNA damage abrogates MDM2-mediated degradation of DYRK2. To establish endogenous interaction between DYRK2 and MDM2, 293T cells were treated with MG-132. Lysates were immunoprecipitated with anti-MDM2 followed by immunoblotting with anti-DYRK2. The results demonstrated a stable complex of MDM2 with DYRK2 in cells in the presence of proteasome inhibitor (Fig. 6H) . To further establish dissociation of this complex after genotoxic stress, 293T cells were transfected with Flag-DYRK2. As similarly shown in Fig. 6A , DYRK2 formed a complex with MDM2 in unstressed cells and the complex formation was diminished after etoposide treatment (Fig. 6I) . As a control, there was little if any DYRK2-MDM2 complex in cells silenced for MDM2 (Fig. 6I) . To further define the role for ATM in the MDM2-dependent DYRK2 degradation, 293T cells were co-transfected with Flag-DYRK2 and scramble siRNA or ATM siRNA. As expected, the DYRK2-MDM2 association was completely abrogated after DNA damage in control cells (Fig. 7A) . By contrast, DYRK2 retained the binding to MDM2 even after ADR treatment in ATM-deficient cells (Fig. 7A) . To determine if ATM phosphorylation of DYRK2 is involved in the dissociation from MDM2, 293T cells were transfected with DYRK2 wt, the DYRK2 T33A mutant, the DYRK2 S369A mutant, or the DYRK2 T33A/S369A mutant in the presence of MG-132. Analysis of anti-Flag-immunoprecipitates with anti-ubiquitin demonstrated that the DYRK2 T33A mutant and the T33A/S369A mutant, but not wild type or the S369A mutant, are poly-ubiquitinated even after ADR stimulation (Fig. 7B ). In concert with this result, the DYRK2 T33A mutant and the T33A/S369A mutant abrogated dissociation from MDM2 following DNA damage (Fig. 7B) . These results provide a model in which ATM phosphorylation of DYRK2 at Thr33 is, at least in part, associated with abrogation of MDM2 binding in the nucleus and thereby of ubiquitin-proteasomal degradation.
Discussion
DYRK2 is a requistite kinase for the induction of apoptosis by phosphorylating p53 at Ser46 in response to DNA damage. Previous studies demonstrated that DYRK2 translocates into the nucleus where it phosphorylates p53 to initiate the apoptotic pathway (8) . Moreover, transfected DYRK2 induces p53-dependent apoptosis, whereas its depletion rendered cells more resistant to p53-mediated apoptosis in a Ser46 phosphorylation dependent manner. Intriguingly, ATM is necessary for stabilization and activation of DYRK2 after genotoxic stress. Indeed, expression of DYRK2 increased after DNA damage, while that was significantly reduced in cells silenced for ATM (8) . In this regard, the present study demonstrated that ATM phosphorylates DYRK2 at Thr33 and Ser369. Thr33 phosphorylation was required for stabilization of DYRK2 since there was little if any increase after ADR exposure with the T33A mutant, at least in the overexpressing conditions (Fig. 3E) . Given the finding that the potential NLS is localized near Thr33 at the N-terminal region, it is conceivable that Thr33 phosphorylation affects the NLS to trigger nuclear entrapment and stabilization of DYRK2. ATM-dependent stabilization of DYRK2 is also supported by the findings that ATM abrogates MDM2-mediated degradation of DYRK2 in the nucleus. The present data show that nuclear, but not cytoplasmic, DYRK2 is constitutively degradated by MDM2-mediated polyubiquitination and subsequent proteasomal system (Fig. 8) . Upon exposure to DNA damage, ATM phosphorylation of Thr33 enabled DYRK2 to protect against MDM2-mediated degradation, possibly by dissociation of DYRK2 from MDM2 (Fig. 7B) . Domains responsible for the binding of DYRK2 to MDM2 are presently unclear. Importantly, however, expression of DYRK2 with a T33A mutation abrogated disruption of binding to MDM2 and resulted in its destabilization at least in the overexpressing conditions. These findings indicate that ATM-dependent phosphorylation induces nuclear accumulation of DYRK2 by dissociating from MDM2 after genotoxic stress (Fig. 8) . Taken together, it is less likely that cytoplasmic DYRK2 moves into the nucleus in response to DNA damage. Indeed, we observed relative increment of nuclear DYRK2 after ADR exposure, but still found its substantial expression in the cytoplasm (Fig. 1C) . Instead, DYRK2 theoretically localizes in both the nucleus and the cytoplasm; however, constitutive degradation of nuclear DYRK2 in control cells seems predominant expression in the cytoplasm. After ADR stimulation, abrogation of MDM2 access to DYRK2 renders cells its substantial nuclear appearance. Previous studies have demonstrated that MDM2 is degraded by itself in response to genotoxic stress (28, 29). In this context, it is also conceivable that the degradation of nuclear DYRK2 is, at least in part, attenuated by self-clearance of MDM2 after DNA damage. Until now, we can not exclude the possibility that DYRK2 shuttles between the nucleus and the cytoplasm. Indeed, our study clarified the potential NLS of DYRK2 at N-terminal region. However, it remains obscure whether this NLS is functional even in cells at the unstressed condition. This possibility is now under investigation.
Our previous studies demonstrated that ATM is involved in DYRK2 activation in response to DNA damage whereas a precise mechanism remained unclear (8) . The present study now clarifies that ATM phosphorylates DYRK2 at Thr33 and Ser369 upon exposure to genotoxic stress. Unfortunately, we are unable to show the direct phosphorylation of DYRK2 by ATM in vitro since, to our knowledge, purified active ATM protein is not available. Importantly, however, the findings that expression of DYRK2 with a S369A mutation significantly attenuated not only phosphorylation of p53 at Ser46 but also ADR-induced apoptosis at least in the overexpressing conditions, indicate the indispensable phosphorylation on Ser369 for DYRK2 activation. In this context, the present results that induction of apoptosis was attenuated by ectopically expressing the T33A mutant (Fig.  4A ) suggest at least in part prerequisite for nuclear accumulation of DYRK2 on DNA damage-induced apoptosis. As shown previously, DYRK2-induced apoptosis was mediated by p53 phosphorylation at Ser46. Moreover, given the findings that ATM controls DYRK2 activity, ATM could function as a pro-apoptotic kinase in response to genotoxic stress. In concert with this model, DNA damage-induced apoptosis was substantially abrogated in cells silenced for ATM (Fig. 4A) . Pro-apoptotic role for ATM is currently controversial. Nevertheless, in our experimental condition, ATM affects apoptotic execution by controlling DYRK2 expression and activation following DNA damage. Intriguingly, sustained exposure with DNA lesion is required for nuclear accumulation of DYRK2 after phosphorylation by ATM, mainly due to dissociation from MDM2. However, it remains uncertain why it takes considerably longer periods since p53 is rapidly stabilized following genotoxic stress. Obviously, further studies are needed to address these issues. 
